Single crystals of cerium tetra-boride, CeB 4 , were prepared in 0.4 MPa of argon ambient gas by the RF-heated floating zone method. The feed rod was prepared according to the following reaction formula: CeB 6 + 1/2 (CeO 2 + 2C) ¼ 3/2 CeB 4 + CO↑. The growth rate was 0.3 cm/h. The obtained crystal rods were 4 cm long and 1.2 cm in diameter. The lattice constants were a = 0.72052 nm and c = 0.40898 nm of a tetragonal lattice. The micro Vickers hardness, H v , values on the (100), (110), and (001) planes were 1403, 1440, and 1099, respectively.
Introduction
The floating zone method is well suited for preparation of large refractory crystals. Until now, single crystals of rare earth metal borides, well known as refractory materials with unique properties, have also been prepared by this method. However, boride crystals with higher rare earth contents than the phases with the highest melting points have not been prepared yet, though they coexist with the liquid phases. This is because of difficulties in treatment of rare earth-rich materials, that is, high vapor pressures, high affinities with impurity elements, lack of stability of the boride phases, and so on.
To address these issues, cerium tetra-boride, CeB 4 , was chosen for the first trial of floating zone crystal growth. The CeB 4 phase has a higher Ce content than the CeB 6 phase which has the highest melting point, 2550°C, in the Ce-B system, and melts incongruently at 2380°C, as shown in Fig. 1 .
1) The decomposition temperature is the highest among the tetra-borides from La through Sm, which also melt incongruently, which suggests that the CeB 4 phase is relatively stable and has an advantage in terms of crystal growth.
So far, CeB 4 crystals up to 1 mm in size have been prepared from a flux of excess cerium metal by a self-flux method in order to examine its magnetic and electrical properties.
2),3) However, the other physical properties have not been examined yet. In this report, CeB 4 crystals large enough for various physical measurements were prepared by the floating zone method.
Experimental procedure
The raw materials used in this study were commercial powders of cerium oxide (CeO 2 ), boron (B), carbon (C), and cerium hexaboride (CeB 6 ). They were mixed in various ratios in a mortar and then placed in a rubber bag. The bag was isostatically pressed at 200 MPa. The pressed compact rod was then heated in a boron nitride (BN) crucible in vacuum at 1600°C to synthesize CeB 4 and prepare the feed rod at the same time.
The crystal was prepared in 0.4 MPa of argon ambient gas by the RF-heated floating zone method, using a three-turn/two-step work coil with an inner diameter of 1.8 cm. The crystal growth rate was 0.3 cm/h. Only the lower shaft of the growing crystal was rotated at a rate of 6 rpm. The details are described elsewhere. 4) The lattice constants were determined by X-ray powder diffraction analysis using silicon as an internal standard. The crystal quality and orientation were verified by the X-ray back-Laue method. Chemical analysis was carried out by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Carbon impurity was checked by an automatic analyzer (LECO, CS-4441LS). Vickers hardness was measured on the mirror-like polished planes at room temperature using a nano-indentation apparatus Fischerscope HM2000 (Fischer Instruments K.K., Saitama, Japan).
5) The load was 100 g for 5 s.
Results and discussion

Synthesis of CeB 4 and simultaneous preparation of the feed rod
The CeB 4 and CeB 6 phases are near in composition, as shown in Fig. 1 . In addition, the CeB 6 phase is easily formed in the chemical reactions. Accordingly, it is not as easy to obtain singlephase CeB 4 . CeB 4 is synthesized by a reaction of cerium metal with boron.
2),3) Because the cerium metal is molten in the reaction process, it is difficult to control the shape of the product, that is, to prepare the product with a uniformly cylindrical shape that can be used as a feed rod for the floating zone method. However, by using cerium oxide, CeO 2 , instead of cerium metal, the synthesis of CeB 4 and preparation of the feed rod were carried out at the same time.
First, a reaction of cerium oxide with boron, CeO 2 + 6B ¼ CeB 4 + 2BO↑, was tried, which is a general method of boride synthesis. However, only the CeB 6 phase was synthesized; the CeB 4 phase was not synthesized at all. A small amount of the cerium oxide, Ce 2 O 3 , remained partially reduced. That is, boron did not reduce CeO 2 fully and was consumed for formation of CeB 6 . Therefore, the synthesis of CeB 4 was found to be impossible in this reaction, even though the mixing ratio of CeO 2 and boron was controlled.
In the next trial, carbon was used to fully reduce CeO 2 . The reaction formula is as follows: (CeO 2 + 2C) + 4B ¼ CeB 4 + 2CO↑. The resulting product consisted of the CeB 4 and CeB 6 phases. The CeB 4 phase was obtained as a single phase when 15% excess (CeO 2 + 2C) was added. However, the relative density of the product was too low, 35%, to use it as the feed rod for the floating zone growth. This is because the decrease in volume in the above reaction is significant, 40%. In this reaction, layers of CeB 4 and CeB 6 were formed on the inner wall of the BN crucible, with the CeB 4 layer forming a surface layer on the CeB 6 layer. The same phenomenon was observed in the case of heating a mixture of (CeO 2 + 2C) in the BN crucible and also in the case of heating only cerium metal. Accordingly, it was found that Ce vapor, which was generated by a reaction of CeO 2 and C, reacted with the BN crucible to form CeB 6 and also changed the surface of the CeB 6 layer to a CeB 4 layer.
Therefore, in the third trial, synthesis of CeB 4 was tried from CeB 6 . The formula is as follows: 1/2 (CeO 2 + 2C) + CeB 6 ¼ 3/2 CeB 4 + CO↑. The decrease in volume in this reaction was 20%, half that of the above case using boron. In the experiments, 14% excess (CeO 2 + 2C) was added to obtain single-phase CeB 4 phase. The density of the resulting products was 50%, which is high enough to serve as a feed rod for the floating zone growth.
Floating zone growth of CeB 4 crystals
CeB 4 crystals grow at temperatures lower than 2380°C, that is, from a molten zone with a B/Ce composition of less than 2.85, as shown in Fig. 1 . In floating zone growth, as the molten zone is passed along the feed rod, the Ce content in the molten zone increases and reaches a steady state. Therefore, the composition of the feed rod determines the growth temperature and the zone composition in the steady state. In the actual growth experiment, in which the feed rod was prepared by adding 40% excess (CeO 2 + 2C), the growth temperature was kept just below the decomposition temperature. Figure 2(a) shows the CeB 4 crystal rod obtained at the highest heating power, that is, the highest growth temperature. The size of the rod was 1.2 cm in diameter and 4 cm long. The growth rate was decreased to 0.3 cm/h in order to remove inclusions of the flux from the crystal. Rotation of the growing crystal was necessary in order to obtain the single crystals. The initial 11.5 cm of the crystal rod consisted of a CeB 6 phase and was blue in color, as predicted from Fig. 1 . However, the latter part consisted of a CeB 4 phase, which was silver-gray in color. The cross section is shown in Fig. 2(b) . The difference in reflection shows the difference in crystal orientation. The peripheral part included grain boundaries, but the central portion consisted of high-quality CeB 4 crystals without splitting of the Laue spots. The crystals still contained some cracks. The cleavage plane was (001), the same as YB 4 crystals with the same crystal structure. 6) A part of the surface of the CeB 4 crystal rods was blue CeB 6 , which means that cerium evaporated from the crystal surface in the cooling process after the growth. This is a reverse reaction to the synthesis of CeB 4 . The same phenomena were reported in the cases of heating SmB 4 and LaB 4 in vacuum.
7),8) Therefore, the CeB 4 phase is also considered to be unstable at high temperature.
The results of the chemical analysis are shown in Table 1 . The crystals had a stoichiometric composition. In the composition of the molten zone, the atomic ratio of boron to cerium was 2.60, which shows that the crystal grew just below the decomposition temperature. The feed rod contained 10% excess cerium, which was lost due to evaporation during the growth.
The lattice constants were a = 0.72052 nm and c = 0.40898 nm of a tetragonal lattice, which agreed with the lattice constants of CeB 4 obtained by a reaction of cerium and boron.
2),3), 9) However, in the cases of the preparation by arc-melting, the lattice constants varied somewhat, a = 0.7213 nm and c = 0.4106 nm in one case 10) and a = 0.72034 nm and c = 0.41006 nm in another case. 11) This is probably because the homogeneity in composition is poor due to peritectic deposition, as shown in Fig. 1 . An annealing process is considered necessary in the case of arc-melting. The Vickers hardness values on the (100), (110), and (001) planes was 1403, 1440, and 1099, respectively. These hardness values were lower by 16, 16, and 25%, respectively, as compared with those of YB 4 crystals, 6) which have hardness values of 1671, 1711, and 1460, respectively. The decrease in hardness is thought to be due to the increase in the lattice constants by 1.4 and 1.8% in the a-axis and c-axis, respectively (YB 4 , a = 0.71053 nm, c = 0.40186 nm).
In summary, it was found that the CeB 4 phase was synthesized by way of the CeB 6 phase. The feed rod was prepared by a reaction of CeO 2 , C, and CeB 6 , which made it possible to control the shape and composition of the feed rod. Consequently, single crystals of CeB 4 were prepared for the first time by the floating zone method.
